Spinal Cord Stimulation
In 1967, Shealy et al. (1) first reported on the use of an implantable device for direct spinal cord stimulation (SCS). The use of a dorsal column stimulator has been alleged to modulate the perception of afferent nociceptive stimuli. However, because of the paucity of carefully controlled studies, the efficacy of SCS remains controversial even after Ͼ30 yr of clinical use. The proposed mechanism of SCS-induced analgesia is based on Melzack and Wall's Gate Control Theory (2) . These investigators proposed that modulation of pain perception is ascribed to recruitment of large-diameter A␤ afferent fibers in the dorsal column of the spinal cord, thereby "closing the gate" and preventing the transmission of pain impulses via small-diameter C fibers. Alternative mechanisms that have been proposed for electroanalgesia include activation of descending pain modulation pathways, inhibition of sympathetic efferents, tonic (use-dependent) blockade, and antidromic conduction (3) . Still others have suggested that the mechanistic basis for this form of electroanalgesia relates to alterations in the levels of endogenous analgesic (and antianalgesic) substances within the central nervous system (4, 5) .
When implantation of an SCS device is considered, a two-stage procedure is recommended. Trial placement of the electrode(s) and functional testing with an external stimulator should be undertaken before permanent implantation to increase the probability of achieving a successful outcome with SCS (Table 1 ) (6, 7) . The stimulating electrodes are usually inserted percutaneously via an epidural needle under fluoroscopic guidance and positioned to obtain optimal paresthetic coverage of the nociceptive areas. However, a recent study concluded that electrodes placed via a thoracic laminectomy were associated with significantly better long-term effectiveness than electrodes placed percutaneously in patients with chronic pain involving the lower back and lower extremities which was refractory to conservative therapy (8) . The main complications associated with SCS relate to infection (e.g., wound infection, epidural abscess), bleeding, equipment failure (e.g., electrode migration, lead fractures, circuit leaks, battery failure, fibrosis of the stimulating tip), and the development of tolerance (7, 9) .
SCS is currently used to treat a wide variety of inoperable and intractable chronic pain syndromes. In patients with failed conservative and surgical treatment of lower-limb ischemia (10) , SCS increases skin blood flow, decreases pain, and improves "quality of life." According to recent systematic reviews (7, 11) , the most favorable results have been observed in patients with peripheral vascular disease, complex regional pain syndrome, and peripheral neuropathy (e.g., diabetic or causalgic origin) (7, 12) . Of interest, the pain relief achieved with SCS in patients with complex regional pain syndrome is possible without vasodilation (13) . The vasodilation found with SCS is attributed to an inhibitory effect on sympathetically maintained vasoconstriction. Diabetic patients with peripheral arterial occlusive disease who present with intractable pain have also been successfully treated with SCS, except those who have severe autonomic neuropathy (14) . Recently, SCS has been successfully used to treat intractable angina pectoris (15) and chronic mesenteric ischemia (16) . However, pain caused by long-standing failed back surgery, cauda equina injury, paraplegic pain, and phantom limb pain, do not appear to respond well to SCS (12) .
Interestingly, the most common reason for implanting an SCS device is failure of lumbar or cervical surgery (i.e., failed back syndrome). Kumar et al. (7) found that with failed back syndrome, the patients who benefit the most from SCS are those in whom the device was implanted within 3 yr of the initial back operation (Fig. 1) . They reported that the success rate of SCS decreased from 93% for patients with less than a 3-yr interval between surgery and implantation to 9% for those exceeding a 12-yr interval. In a prospective, randomized comparison of SCS and reoperation for treatment of failed back surgery syndrome, North et al. (17) found a statistically significant (P ϭ 0.02) advantage in favor of SCS over reoperation at the 6-mo cross-over point. At a mean follow-up of 7 yr, 52% of patients who received a permanent SCS reported at least 50% continued pain relief (18) . A majority of the patients in this series maintained improvements in activities of daily living and analgesic use. With programmable multichannel devices, significantly fewer clinical and technical failures have been reported.
In a systematic literature review of 39 case reports, Turner et al. (11) analyzed the long-term risks and benefits of SCS for patients with failed back syndrome. After a mean follow-up of 16 mo, only 59% of the patients had Ͼ50% pain relief. Burchiel et al. (19) performed a prospective, multicenter study to investigate the efficacy of SCS in patients with chronic back or extremity pain. Of the 219 patients studied, 83% were implanted with permanent stimulating devices. Of the 70 patients who completed a Ͼ1-yr follow-up evaluation, 55% achieved sustained improvements in pain and quality-of-life measures.
Kumar et al. (7) reported their experience in using SCS for chronic pain management in 235 patients who were followed for a mean period of 5.5 yr. Of the 80% who received permanent devices, 59% continued to receive satisfactory pain relief at their last follow-up, and of these, 42% were gainfully employed compared with only 20% before implantation. However, the ability to resume activities of daily living may be a more appropriate endpoint than return to work or alleviation of pain in this patient population.
Although judicious patient selection based on documented pathology and psychological stability has been alleged to be important in achieving success with SCS, North et al. (20) found little evidence to support the value of psychological testing in selecting patients for SCS. Other predictors of long-term success include the following: 1) percutaneous insertion of stimulating electrodes to determine that the stimulation-induced paresthesia encompassed the topographic distribution of the patient's pain, 2) use of multipolar stimulators and dual leads to augment the range of stimulation and paresthesia coverage, and finally, 3) a positive trial stimulation before definitive SCS implantation. In a recent study, North et al. (21) found that an insulated four-contact array implanted via laminectomy provided more effective and sustained pain relief than a percutaneous four-contact electrode of the same design. Although the criteria used to define success with SCS have differed among the various studies, most experts would require a 50% or more decrease in pain compared with pretreatment levels after at least 1 yr of using the device.
Thus, SCS may be a useful electroanalgesic therapy in properly selected patients. By reducing the demand Overall success (%) 47 59 SCS ϭ spinal cord stimulation, Ϫ trial ϭ implantation of SCS without "trial" test, ϩ trial ϭ implantation of SCS after positive "trial." for medical care, SCS is cost-effective in patients with failed back surgery syndrome when used for an average of 5.5 yr (22) . The development of multilead electrodes allows for more extensive neuraxial stimulation. However, SCS is an invasive and expensive analgesic intervention with potentially serious side effects, and therefore should be reserved for the management of severe, intractable chronic pain syndromes. Although SCS may be a reasonable alternative to reoperation for patients with failed back syndrome, the lack of randomized, prospective, controlled trials precludes conclusions concerning its efficacy and cost-effectiveness relative to other less invasive electroanalgesic modalities, or even no specific treatment at all (11).
Deep Brain Stimulation
Pain relief after deep brain stimulation (DBS) was first evaluated in the late 1950s (23) . The most common targets of stimulation have been the periventricular and periaqueductal gray matter in the mesencephalicdiencephalic transition zone, ventroposterolateralmedial nucleus of the thalamus, internal capsule, and motor cortex. The proposed mechanisms of DBS relate to decreasing pain transmission along sensorydiscriminative pathways and/or the release of endogenous endorphins. A recent study demonstrated that thalamic DBS resulted in activation of the anterior cingulate cortex in patients with chronic pain (24) . DBS has mainly been used in the management of debilitating chronic pain syndromes after all other less-invasive therapeutic modalities (including SCS) have failed. The potential for serious intracranial complications (e.g., intracranial hemorrhage, infection, and oculomotor abnormalities) has limited the more widespread application of this highly invasive therapeutic modality.
The use of DBS involves stereotactic implantation of a stimulator and electrode guided by ventriculography, computerized tomography, or magnetic resonance imaging. Electrical stimulation is activated via percutaneously placed leads when the target site has been located, and final electrode placement is contingent upon a favorable response to direct stimulation. The use of a multipolar electrode system allows for a number of bipolar stimulation combinations to be evaluated during the trial period. Analogous to SCS, the stimulator would only be internalized if satisfactory pain relief was achieved during the trial period.
In a 15-yr experience involving the use of DBS for intractable pain syndromes, Kumar et al. (25) reported that 78% of the 68 patients had the stimulating devices internalized, and of these, 79% continued to receive adequate pain relief on follow-up evaluation at the end of 1 yr. Literature reviews (25, 26) suggest that DBS was effective in treating refractory failed back syndrome, trigeminal and peripheral neuropathy, and deafferentation and somatic pain, with 1-yr success rates of 50% to 80%, depending on the etiology and stimulation site. Interestingly, paresthesia-producing (but not periventricular gray) DBS provides effective analgesia in patients with stable neuropathic pain (27) . Patients with thalamic pain, spinal cord lesions, and postherpetic neuralgia respond poorly to DBS. Although DBS is a nonablative alternative to SCS and peripheral nerve stimulation, it is still considered investigational and has not yet found a clearly defined role in chronic pain management.
Peripheral Nerve Stimulation
The use of peripheral nerve stimulation (PNS) for the relief of chronic pain states was first reported over 30 yr ago by Wall and Sweet (28) . Recent studies have demonstrated that electrical stimulation of peripheral nerves leads to inhibitory input to the pain pathways at the spinal cord level (29) . To date, the success rate of PNS has been most favorable in the treatment of neuropathic pain (e.g., posttraumatic neuropathy, diabetic neuropathy) when the nerve lesion is distal to the site of stimulation. For lesions proximal to the stimulation site, in particular lumbar radiculopathy, the results have been much less impressive (30) . Before the permanent implantation of a stimulating device (e.g., SCS, DBS), patients should undergo a series of less invasive testing procedures, including diagnostic peripheral nerve blocks, percutaneous electrical stimulation, and/or electrophysiologic analyses.
Percutaneous Electrical Nerve Stimulation
Percutaneous electrostimulation was originally described by North et al. (31) for the treatment of intractable pain associated with chronic low back pain syndrome, cancer, and other disorders. Electrical stimulation of the spinal cord was achieved by using electrodes inserted percutaneously into the epidural space by using a Touhy needle. More recently, the term percutaneous electrical nerve stimulation (PENS) has been used (32) (33) (34) (35) (36) (37) to describe a technique involving insertion of 32-gauge (ultra-fine) acupuncture needle probes into the soft tissues or muscles to electrically stimulate peripheral nerve fibers in the sclerotomal, myotomal, or dermatomal distribution corresponding to the patient's pain symptoms. The conceptual basis for PENS is related to both electroacupuncture (which involves electrical stimulation of percutaneously placed needle probes positioned at classical Chinese acupoints) and transcutaneous electrical nerve stimulation (via cutaneous electrodes positioned at the symptomatic dermatomes). Compared with the latter, the use of PENS has the advantage of "bypassing" the resistance of the skin and delivering the electrical stimulus in closer proximity to the peripheral nerve endings located in the soft tissue, muscle, and/or periosteum in the affected region. For example, electrical stimulation of the nerve endings located in the periosteum appears to be an important factor in achieving PENS-induced analgesia in cancer patients with bony metastases (32) .
Clinical experience with PENS in the treatment of acute herpes zoster infections suggested that it was not only effective in ameliorating acute zoster-related pain, but in expediting resolution of the cutaneous lesions (33) . This prospective study also demonstrated that PENS therapy compared favorably to a standard antiviral drug regimen in terms of improving the patient's functional status and quality of sleep, as well as in decreasing the severity of postherpetic neuralgic symptoms. However, further studies evaluating longterm outcome are clearly needed.
More recent PENS studies have also demonstrated significant efficacy in the short-term management of back pain (Fig. 2) , sciatica, headaches, and diabetic neuropathic pain (34 -37) . Although the published studies have clearly established the acute pain relieving effects and short-term improvement in physical activity and quality of sleep, the long-term benefits of PENS in patients with chronic pain disorders have not been established. Analogous to transcutaneous electrical nerve stimulation, the response to PENS is influenced by the location (38) , frequency (39) , and duration (40) of the electrical stimulation. The use of mixed stimulating frequencies (e.g., alternating 15 and 30 Hz) was more effective than either low or high frequencies alone (39) . The optimal duration of the electrical stimulus with PENS has been determined to be 30 -45 min. Of importance, more prolonged electrical stimulation does not appear to improve the analgesic effects (41) .
Percutaneous Neuromodulation Therapy
Because the term PENS has been used in the past to describe a neurosurgical procedure involving implantation of temporary stimulating electrodes before an SCS device (31), White et al. (38) have recently proposed to change the name for the above-mentioned percutaneous electroanalgesic technique to percutaneous neuromodulation therapy (PNT). The term PNT was chosen because it more accurately describes the neurophysiologic basis for PENS-induced analgesia.
In a recent study involving patients with neck pain, White et al. (38) demonstrated that percutaneous electrical stimulation at the local (cervicothoracic) dermatomes was more effective in decreasing pain and improving physical activity and quality of sleep than remote (lumbosacral) dermatomal stimulation. Another recent study (data unreported) has compared the acute analgesic effects of PNT in patients with low back pain in which the needles were positioned at differing depths in the lumbar region. The results of this pilot study suggested that a depth of 3 cm was more effective than superficial stimulation at Ͻ1 cm. Finally, a unique "sweep" pattern of electrical stimulation involving frequencies from 4 to 50 Hz has been developed in an attempt to slow the development of tolerance (habituation) to the electrical stimulus, and thereby to enhance patient comfort during PNT and potentially improve its efficacy. Because varying the frequency of the electrical stimulus has been alleged to decrease accommodation (i.e., adaptation) (2,3), tolerance to the analgesic effects produced by peripheral electrical stimulation may be reduced. However, controlled clinical studies are needed to validate this unique stimulation pattern when compared with standard fixed and alternating frequency patterns (e.g., 4, 15/30, 100 Hz).
Electroanalgesia
Electroanalgesia (EA) has gained increasing acceptance in Westernized medical practice. Although classical Chinese metaphysical theories invoking "Qi" and "Meridians" have been used to explain the analgesic effects of EA, more recently it has been suggested that the analgesic effects of EA may be mediated through the central release of endogenous opioids (i.e., endorphins, enkephalins, and dynorphins) by the body's pain modulation system (42) . EA has been reported to be more effective than traditional acupuncture (43) and compared favorably with PNS for pain relief (44) . With EA, short-term success rates of up to 70% have been reported in patients with chronic low back pain, osteoarthritis, myofascial discomfort, and migraine headaches (45) .
Transcutaneous Electrical Nerve Stimulation
Transcutaneous Electrical Nerve Stimulation (TENS) involves the transmission of electrical energy from an external stimulator to the peripheral nervous system via cutaneously placed conductive gel pads. TENS can be subclassified into two variants: 1) low-intensity (1-2 mA), high-frequency (50 -100 Hz) TENS; and 2) acupuncture-like high-intensity (15-20 mA), lowfrequency (1-5 Hz) or "dense-disperse" TENS (46) . The purported mechanism of action of TENS invokes both spinal (i.e., gate-control, frequency-dependent blockade) and supraspinal theories (i.e., release of endogenous neuromediators). It has also been suggested that TENS involves activation of the body's pain modulation system and increases in the release of endogenous opioids within the central nervous system, thereby suppressing the transmission and perception of noxious stimuli from the periphery (46 -48) . However, more recent studies suggest that at least part of TENS-mediated hypoalgesia is a consequence of direct peripheral effects (49) . Low-frequency TENS produces a local increase in cutaneous blood flow (50) .
Early clinical studies evaluating the effect of TENS on postoperative analgesic requirements have produced inconsistent results. For many studies, the specific details regarding the stimulation variables were lacking. Carroll et al. (51) undertook a systematic review of 46 studies pertaining to the use of TENS for acute postoperative pain. Of these, only 17 were deemed to be well designed, and they reported no benefit of TENS over a placebo treatment. In studying the efficacy of TENS for acute labor pain, Carroll et al. (52) failed to find convincing evidence of pain reduction by using either primary (e.g., analgesic sparing) or secondary (e.g., preference for TENS for future labor analgesia) outcome measures.
More recent randomized controlled trials of TENS reported beneficial effects with regard to dental (53) , lithotripsy (54), arthroscopy (Table 2 ) (55), hemorrhoidectomy, and hysterectomy pain (56 -59) . After thoracotomy procedures, 23% of the patients in an active TENS group required no parenteral opioid analgesic medication during the first 24 h postoperatively (60) . In contrast, all of the patients in the sham group needed opioid analgesics after thoracic surgery. In another postthoracotomy study, TENS-treated patients had significantly lower pain scores, shorter stays in the recovery room, and better tolerance of chest physical therapy on both the first and second postoperative days (61) . Finally, TENS was found to minimize the decrease in respiratory mechanics (Fig. 3) and reduce the incidence of pulmonary complications after upper abdominal surgery (62) .
The proportion of patients who benefit from shortterm and long-term administration of TENS therapy for chronic pain ranges from 50% to 80% and 6% to 44%, respectively (63) . When TENS was used at either 110 or 4 Hz to treat ischemic pain, only the lower frequency demonstrated a significant analgesic effect (64) . When TENS was used to treat chronic pain related to musculoskeletal disorders, only a small percentage of patients experienced long-lasting benefits (65) . Although chronic pain relief after TENS therapy has been alleged to result from a "placebo" effect (e.g., chronic low back pain) (66), other studies in diabetic patients with peripheral neuropathy have demonstrated analgesic efficacy that clearly exceeded the placebo effect (67) . In fact, Chabal et al. (68) reported that the long-term use of TENS in patients with chronic pain was associated with a 55% decrease in analgesic medication and a 69% reduction in the use of physical/occupational therapy. Fishbain et al. (69) also reported that long-term use of TENS improves not only pain but other outcome variables (e.g., return to work, social activities, need for other therapies). When TENS is used to treat chronic pain states, the slope of the dose-response curve is very gradual (i.e., the onset of its analgesic effect is slow) (70) . The inconsistent analgesic responses to TENS therapy may be related to several factors, including variable stimulation sites (57), frequencies (58, 71) , intensities (59) , and durations of electrical stimulation, as well as the patient's psychological profile (63) . Experimental studies by Walsh et al. (72) have confirmed the importance of the TENS variables to the peripheral neurophysiologic effects of this modality and the resultant analgesia.
Transcutaneous Acupoint Electrical Stimulation
Transcutaneous Acupoint Electrical Stimulation (TAES) is a variant of TENS therapy that involves applying cutaneous electrodes at classical Chinese acupoints and stimulating with alternating high-and low-frequency electrical current ("dense-disperse") (59) . Acupoint stimulation is as effective as dermatomal stimulation in producing an analgesic-sparing effect after lower abdominal surgery (57) . In this study, TENS applied at either the incisional dermatomal level or the Zusanli acupoint conferred better postoperative analgesia than stimulation at a nonacupoint site (Fig. 4) . Of interest, simultaneous stimulation at both an acupoint and incisional dermatomes resulted in a Ͼ60% reduction in the opioid analgesic requirement (59) . This study also demonstrated that the intensity of electrical stimulation was an important determinant of the analgesic-sparing effect. High-intensity (9 -12 mA) TAES was more effective in decreasing the postoperative opioid analgesic requirement than low-intensity (4 -5 mA) TAES or sham stimulation.
H-Wave Therapy
H-Wave Therapy (HWT) is a form of electrical stimulation that produces a direct, localized effect on the conduction of underlying peripheral nerves (73) . This electroanalgesic modality was originally recommended as an alternative to TENS for dental analgesia. Currently, it is being promoted for the treatment of acute musculoskeletal injuries, postoperative pain, and as a noninvasive form of local analgesia. Julka et al. (74) reported that transcutaneous electrotherapy using an H-wave machine was effective in 76% of diabetic patients with peripheral neuropathic pain. The subjective improvement in their neuropathic symptoms (44% Ϯ 4%) was sustained for an average of 1.7 Ϯ 0.3 yr. The effectiveness of HWT may be augmented by concomitant use of antidepressant medication (e.g., amitriptyline) (75) . In a recently published randomized, controlled trial involving a mechanical pain model, the analgesic effects of HWT were found to be short-lasting and similar to TENS therapy (76) . Moreover, these investigators have previously reported that HWT fails to reduce experimental ischemic pain (77) . The stimulating variables for HWT differ from TENS in that its signal comprises a fixed pulse duration of approximately 16 ms (vs 50 -200 s), a frequency range of 2 to 60 Hz (vs 1-250 Hz), and a biphasic exponentially decaying (versus rectangular or square) waveform. It remains to be determined if these differences in the electrical stimulus produce differences in the analgesic response to HWT compared with conventional TENS therapy.
Interferential Current Therapy
Interferential Current Therapy (ICT) is another variant of TENS that uses the principle of amplitude modulation to decrease the discomfort of stimulating deeper tissues (e.g., muscle) when using transcutaneously applied electrical current. A combination of different stimulation frequencies are used (i.e., one fixed at 4 kHz and another within a variable range) to generate frequencies between 4 and 250 Hz which are alleged to more effectively penetrate the soft tissues while producing less discomfort at the skin surface (78) . With ICT, its postulated mechanism of analgesic action is through direct stimulation of muscle fibers rather than peripheral nerves, allegedly improving muscle blood flow and promoting the healing process. Of interest, neither ICT nor TENS affected either the nociceptive reflex or the H-reflex (79) .
Although ICT is used widely in the physiotherapy and rehabilitative medicine settings, there is a dearth of rigorously controlled studies to justify its effectiveness in the management of either acute or chronic pain syndromes. Of interest, two recently published randomized, controlled trials involving ICT failed to demonstrate any additional analgesic effect compared with traditional (conservative) management of shoulder (80) and low back pain (81).
Piezo-Electric Current Therapy
Piezo-Electric Current Therapy (PECT) is an investigative analgesic technique based on the principle that mechanical deformation of a motorized piezoelectric ceramic rod produces a burst of 10 electrical pulses (five positive and five negative), each lasting 2-3 ms. Each electrical burst lasts for 50 to 250 ms (depending on the motor speed set) and generates a current of approximately 25 A. The application of PECT to the skin for 2 min produces a tolerable "pricking" pain sensation associated with a neurogenic inflammatory response lasting 3-4 h. This reaction is indicative of stimulation of A␦ and C pain fibers, which can lead to depression of nociceptive afferent input via a neuromodulatory mechanism involving diffuse noxious inhibitory controls (82) . The extent and duration of this inhibitory process is directly related to the intensity of the applied stimulus and is alleged to be associated with the release of endogenous endorphins (83) . In a comparative trial involving conventional and acupuncture-like TENS (or TAES), the more noxious stimuli produced by PECT resulted in a greater analgesic effect in an experimental pain model (82) .
Summary
Neuroaugmentation techniques have been used for many years to produce electroanalgesia. The techniques range from noninvasive (e.g., TENS, TAES), to minimally invasive (e.g., PENS/PNT, EA), to highly invasive (e.g., DBS, SCS) (Fig. 5) . Recent modifications in the pattern of the electrical stimulus (e.g., sweep, densedisperse, HWT, ICT, PECT) may further improve the analgesic efficacy of electroanalgesic techniques like TENS and PNT. However, more widespread application of electroanalgesia will depend on the results of well controlled, long-term outcome studies and the availability of Food and Drug Administration-approved stimulating devices. Other nonpharmacologic analgesic therapies (e.g., electromagnets, lasers) produce either nonsignificant or ambivalent analgesic effects in controlled clinical trials (84, 85) .
A more "in depth" understanding of the effect of different electrical stimulation patterns on the pain response may lead to further long-term benefits with electroanalgesic therapy. Future research into the neural modulatory and neurohumoral mechanisms responsible for electroanalgesia should lead to further improvements in these nonpharmacologic therapeutic modalities. Once the theoretical basis for electroanalgesia has been more clearly elucidated, it will be possible to optimize the efficacy of these "complementary" therapeutic options in the management of acute and chronic pain syndromes. In conclusion, a wide variety of electroanalgesic therapies are available for the management of both acute and chronic pain. Given the increasing interest among patients in unconventional (or "alternative") analgesic therapies (86) , it behooves anesthesiologists and pain specialists to be aware of the potential benefits of these complementary therapies. 
